Abstract The effect of pH on the oxidative stability in oil-water systems was determined at 40°C for 18 days by monitoring headspace oxygen depletion and concentration of conjugated dienoic acids (CDAs). Two types of pH solutions were prepared: a buffer solution and a mixture of NaOH and HCl. When the pH of the mixture of NaOH and HCl increased from 1 to 13, the oxidative stability in oil decreased significantly in the order of pH 1 [ 10 [ 7 [ 4 [ 13. In case of the buffer solution, the oxidative stabilities of oils were in the order of pH 4 = 7 [ 10. Depending on the pH and buffering capacities, oxidative stability of oils were greatly influenced.
Introduction
The rates of lipid oxidation in fats and oils are influenced by many factors including the degree of unsaturation of lipids, availability of oxygen molecules, oxidation driving forces, type of food matrix (i.e., bulk oil or oil-in-water emulsions), and the presence of antioxidants or pro-oxidants like transition metals (McClements and Decker 2000; Choe and Min 2006; Chaiyasit et al. 2007a; Chen et al. 2011 ).
The role of moisture on the oxidative stability in foods has been studied for several decades. Water at or near the monolayer provides protection against lipid oxidation due to the limitation of oxygen molecules available to react with unsaturated double bonds in lipids. Below the level of the monolayer, the rates of lipid oxidation increase, which may be due to direct contact of oxygen molecules with lipids; further, high water activity also accelerates the rate of lipid oxidation through the migration of transition metals or increase in hydrolysis of triacylglycerols (TAGs) by water (Nawar 1996) .
Recently, moisture has attracted attention because of its ability to form colloids with amphiphilic compounds in foods (Chaiyasit et al. 2007b; Kittipongpittaya et al. 2014) . The interface of water and oil in bulk oil or in O/W emulsions could serve as the site of lipid oxidation (Schwarz et al. 2000; Chaiyasit et al. 2007a) . Park et al. (2014) showed that moisture can play an important role in the rate of lipid oxidation at elevated temperatures like 100 and 140°C. Also, the participation of moisture in the formation of volatiles containing deuterium has been reported in oxidized linoleic acid or corn oils in the presence of deuterium oxide (Kim et al. 2014a, b) . Therefore, moisture plays an important role in the oxidative stability of oils, acting both as a component for the formation of association colloids as well as an active substance for the formation of volatile compounds from lipid oxidation.
One of the distinctive properties of water is its pH, and it is necessary to understand the relation between pH in water and oxidative stability in oil. Most studies on the effects of pH have been conducted in emulsion matrices, especially O/W emulsions (Riisom et al. 1980; Mei et al. 1998a, b; Mancuso et al. 1999; Hu et al. 2003; Haahr and Jacobsen 2008; Horn et al. 2012) . Depending on the formation conditions for the O/W emulsions, the results of oxidative stability based on pH are vastly different. Mancuso et al. (1999) reported the effects of pH in O/W emulsions containing different charges of emulsifiers, such as anionic sodium dodecyl sulfate, non-ionic Tween 20, and cationic dodecyltrimethylammonium bromide. Oxidative stability in O/W emulsions at pH 7 was lower than that at pH 3, irrespective of the charge of the emulsifier (Mancuso et al. 1999) . The pro-oxidative effects of increasing the pH from 3 to 7 on the oxidative stability were reported in O/W emulsions with whey protein emulsifiers by Hu et al. (2003) . However, Haahr and Jacobsen (2008) reported contradictory results using n-3-enriched O/W emulsions. Formation of peroxides and volatiles in emulsions at pH 3 was faster than those at pH 7 (Haahr and Jacobsen 2008) . Mei et al. (1998a) studied the effects of pH on the formation of hydroperoxides and 2-thiobarbituric acid reactive substances (TBARS) in O/W emulsions using buffer systems, and samples of pH 5 had better oxidative stability than those of pH 3. Riisom et al. (1980) reported that oxidative stability increased in O/W emulsions using anionic surfactant when increasing pH from 6 to 8. Horn et al. (2012) observed that oxidative stability in 70 % fish O/W emulsions in whey protein or casein at pH 7.0 was higher than that at pH 4.5. However, oxidative stability in emulsions using phospholipid-based emulsifiers was influenced by the types of emulsifiers and by pH (Horn et al. 2012) . Solubility and availability of transition metals on the interface of oil-water possessing charged emulsifiers have been suggested as possible reasons for the contradictory effects of pH.
Generally, an increase in pH reduces the solubility of transition metals, and the concentration of pro-oxidative transition metals decreases at high pH conditions. If a substantial amount of charged emulsifier is present, the pH of any water present may affect the availability of transition metals and change the oxidative stability. For example, cationic emulsifiers may expel cationic transition metals including ferrous and ferric ions, and the rates of lipid oxidation in O/W emulsions can thereby be reduced. However, oils without emulsifiers may not be explained by these theories.
Studies on the effects of pH on the oxidative stability in bulk oils are scarce. Moisture content in commercially available oils presently ranges from 300 to 800 ppm (Chaiyasit et al. 2007a) . Effects of pH with such a small quantity of water in bulk oils have not been considered as important factors influencing the rates of lipid oxidation. Amphiphilic compounds including monoacylglycerols (MAGs), diacylglycerols (DAGs), and free fatty acids (FFAs) are products of hydrolysis of TAGs, and these compounds may play roles in the formation of an association of colloids with inherent water in bulk oils (Chen et al. 2012) . Increases in the association of colloids may affect the pro-oxidative activity of transition metals in bulk oils. Therefore, it is necessary to understand the effects of pH on the oxidative stability in oil model systems without addition of emulsifiers.
The objective of this study was to determine the effects of pH in water on the oxidative stability in oils at 40°C. Two types of pH solutions, having buffer and non-buffer capabilities, were prepared. To find out the effects of pH only, any kinds of emulsifiers were not added, because the presence of emulsifiers could affect the rates of lipid oxidation.
Materials and methods

Materials
Buffer solutions of pH 4, 7, and 10 were purchased from Daejung Chemical Co. (Seoul, Korea). The pH 4 buffer solution contained potassium hydrogen phthalate, sodium hydroxide, sodium azide, and thymol. The pH 7 buffer solution contained potassium phosphate monobasic, sodium phosphate dibasic 12H 2 O, sodium azide, and thymol, whereas the pH 10 buffer solution was made using boric acid, potassium chloride, sodium hydroxide, sodium azide, and sodium salicylate. Corn oil was purchased from a local grocery market (Suwon, Korea). Aluminum caps and Tefloncoated rubber septa were purchased from Supelco, Inc. (Bellefonte, PA, USA). Other reagent-grade chemicals were purchased from Daejung Chemical Co. (Seoul, Korea).
Sample preparation
Non-buffer and buffer systems were designed for this experiment. A non-buffer solution was prepared using HCl or NaOH to an initial pH of 1, 4, 7, 10, or 13 in deionized water using a pH meter (pH 700, EU Tech, Singapore). Then, 4 g non-buffer or buffer solution was added to 2.5 g corn oil in 10-mL bottles. Sample bottles were sealed until air tight with Teflon-coated rubber septa and aluminum caps and were stored at 40°C in a forced air drying oven (Hysc Co., Ltd, Seoul, Korea). Control samples were 2.5 g oil without addition of water. Samples were prepared in triplicate at each sample point.
pH Buffers of 4, 7, and 10 were mixed with corn oil at the ratio of 4: 2.5 (w/w) in 10-mL sample bottles and were then stored at 40°C for 18 days in the oven. Samples were prepared in triplicate. After treatment, the pH of each sample was determined using a pH meter (pH 700, EU Tech).
To understand the effects of oxidation of lipids on the change in pH, buffer or non-buffers made of HCl or NaOH (pH 4, 7, and 10), and deionized water was mixed with corn oil at a ratio of 4: 2.5 (w/w) in 10-mL sample bottles and was stored at 40°C for 21 days in the oven. Samples were prepared in triplicate.
Headspace oxygen analysis
The oxygen content of the headspace gas was determined by injecting headspace gas samples (25 lL) into a gas chromatograph (GC) equipped with a thermal conductivity detector. A stainless steel column (1.8 m 9 0.32 cm) packed with 60/80 molecular sieve 13 9 (Alltech Assoc., Inc., Deerfield, IL, USA) was used. The flow rate of helium gas was 20 mL/min. Temperatures of the oven, injector, and thermal conductivity detector were 40, 120, and 150°C, respectively (Kim et al. 2014c ).
Conjugated dienoic acid (CDA) analysis
CDA content of samples was measured according to AOCS method Ti la-64 (AOCS 2006).
Statistical analysis
Changes in headspace oxygen and CDA were analyzed statistically by ANOVA and Duncan's multiple range tests, respectively, using the SPSS software program (SPSS Inc., Chicago, IL, USA). A p value \ 0.05 was considered significant.
Results and discussion pH effects of non-buffer solution on lipid oxidation
Effects of pH 1, 4, 7, 10, and 13 of non-buffer solutions on the changes of headspace oxygen (A) and CDA (B) in corn oil stored at 40°C are shown in Fig. 1 . As storage time increased, headspace oxygen content in oils with a pH 13 non-buffer solution was lowest, followed by pH 4 [ pH 7 [ pH 10 [ pH 1 in decreasing order (Fig. 1A) , which implies that samples under pH 1 and 13 had the highest and least oxidative stability, respectively. This trend was clearly observed in the results of CDA assay. CDAs of pH 13 and pH 4 non-buffer solution were significantly higher than those of pH 7, 10, and 1 (p \ 0.05) (Fig. 1B) . In particular, oils containing a pH 1 non-buffer solution had the highest oxidative stability based on both headspace oxygen and CDA assay. Addition of a non-buffer solution significantly accelerated the rate of lipid oxidation compared to control samples except for the pH 1 case (p \ 0.05).
Rapid oxidation in oils at high pH is expected due to the hydrolysis of TAGs under alkaline conditions, a process called saponification (Fessenden and Fessenden 1996) . The generated free polyunsaturated fatty acids may become conjugated dienes and then react with headspace oxygen, which decreases headspace oxygen content and increases conjugated dienes. Samples with non-buffer solution pH 1 showed the highest oxidative stability. Oxidative stability in oils followed the order of pH 10 [ pH 7 [ pH 4 under non-buffer condition.
pH effects of buffer solution on lipid oxidation
Effects of pH buffer solution (4, 7, and 10) on the headspace oxygen content (A) and CDA (B) in corn oil at 40°C after 18 days are shown in Fig. 2 . Headspace oxygen content in oils with a pH 10 buffer was significantly lower than other samples including those of pH 4, pH 7, both with deionized water (DW) and without water (Con) (p \ 0.05) (Fig. 2A) . Also, CDA values at pH 10 buffer were the highest among the samples (Fig. 2B) , which indicates that oils with pH 10 buffer had the lowest oxidative stability at 40°C storage.
Lower pH may decrease the rate of lipid oxidation due to the easy transfer of protons to alkyl (RÁ), alkoxy (ROÁ), and/or peroxyl lipid radicals (ROOÁ) formed during autoxidation. This speculation can explain the high oxidative stability of oils under pH 4, whereas it cannot explain the results of the non-buffer solution made of NaOH and HCl (Fig. 1) . Comparison of buffer and non-buffer solutions on the rates of lipid oxidation
Comparison of pH buffer (4, 7, and 10) and non-buffer solutions prepared using NaOH and HCl on the oxidative stability in oil-water model systems at 40°C storage are shown in Table 1 . The rates of lipid oxidation depended on the pH and type of solution with buffering capacities. At pH 4, non-buffer pH accelerated the degree of lipid oxidation compared to a pH solution at 40°C. However, the buffer solution of pH 10 greatly increased the rate of lipid oxidation compared to non-buffer pH 10 based on headspace oxygen content and CDA value. In case of deionized water (pH 6.25), lipid oxidation occurred in oils, as demonstrated by the decrease in headspace oxygen content to 17.39 % and the CDA increase to 0.30 %. The degree of oxidation in samples containing deionized water was higher than those in samples under pH 7.0 irrespective of buffer or non-buffer solution (Table 1) . Although diverse roles of moisture present in oils have been studied, the nature of moisture, for example, pH effects, of water have not been reported, possibly due to the extremely small quantity of moisture (300-800 ppm) in oils. Therefore, the current study adapted a model system of oil and water (2.5 to 4.0 g) and reported for the first time on the effects of pH on oxidative stability in oils at 40°C. Under current experimental conditions, extreme pH values like pH 1 and 13 using non-buffer solution protected and accelerated the rate of lipid oxidation, respectively. However, buffered pH 10 solution accelerated the rates of oxidation compared to buffered pH 4 and pH 7.
There are some possible explanations for each contradictory result. Low pH values (like pH 4) may reduce the ferric ions (Fe 3? ) to ferrous ions (Fe 2? ), which can act as pro-oxidants in lipid oxidation. This theory can explain the results of Fig. 1 using a non-buffered mixture of HCl and NaOH. However, this explanation does not fit with the buffer results, which accelerated the rate of lipid oxidation at pH 10 rather than pH 4. The presence of hydroxide ions (OH -) can accelerate hydrolysis of triacylglycerols into DAGs, MAGs, and FFAs through saponification. DAGs, MAGs, and FFAs are amphiphilic compounds and can accelerate the rate of lipid oxidation through formation of association colloids. The interface between water and oil is a possible location for lipid oxidation (Chaiyasit et al. 2007a) . Participation of moisture in formation of volatiles has been reported (Kim et al. 2014a, b) .
Other possible explanations rely on the abundance of protons at low pH conditions. Lower pH conditions may decrease the rate of lipid oxidation due to the easy transfer of protons to lipid radicals, thereby protecting radical formation of unsaturated fatty acids, which can explain the results using the buffer solution (Table 1) . However, this theory has limited utility in explaining the results of a non-buffer solution of NaOH and HCl. Depending on the dissociation constant of the added pH solution, the concentration and duration of protons may vary. Samples of pH 4 in a non-buffered mixture of HCl and NaOH cannot generate protons continuously during storage, whereas those of buffer pH 4.0 can. This may explain the contrasting results observed in Table 1 for the oxidative stability in oils. 
Conclusion
Oxidative stability of vegetable oils was greatly influenced by the presence of buffers and non-buffers made of NaOH and HCl. The oxidative stability in oil with non-buffers made of NaOH and HCl were high in the order of pH 10 [ 7 [ 4, whereas those with buffers were in the order of pH 4 = 7 [ 10 at 40°C storage. This difference between buffer and non-buffer solution may be due to the difference in rates of proton release from acidic compounds in buffer solution. Further study is needed to understand the effects of pH on the status of minor compounds including transition metals and antioxidants in bulk oils.
